The magnitude and the temperature dependence of the superconducting order parameter ∆(T ) of single-crystals of Cd 2 Re 2 O 7 (T c = 1.02 K) was measured using point contact spectroscopy. In order to fit the conductance spectra and to extract the order parameter at different temperatures we generalized the Blonder-Tinkham-Klapwijk theory by including the self-energy of the quasiparticles into the Bogoliubov equations. This modification enabled excellent fits of the conductance spectra. ∆(T ) increases steeply below the superconducting transition temperature of 1.02 K and levels off below ∼0.8 K depending on measurement directions where its value varried from 0.22(1) meV to 0.26(1) meV. Our results indicate the presence of a strong electron-phonon interaction and an enhanced quasiparticle damping and may be related to a possible phase transition within the superconducting region at ∼0.8 K.
ture with the general composition A 2 B 2 O 7 , where A is a larger and B is a smaller TM cation.
Amongst the α-pyrochlores, Cd 2 Re 2 O 7 is the only one which shows superconductivity at ∼1 K 1,2 . At room temperature, Cd 2 Re 2 O 7 exhibits a cubic structure (space group F d3m). At T S1 ∼ 200 K, Cd 2 Re 2 O 7 undergoes a metal-to-metal second order structural phase transition (PT) to a non-centrosymmetric tetragonal structure (space group I4m2) followed by a first order PT at T S2 ∼ 120 K to another tetragonal structure (space group I4 1 22) 3-5 . These two PTs have a profound effect on the electronic and the magnetic properties of Cd 2 Re 2 O 7 .
The electrical resistivity and the magnetic susceptibility drop sharply below T S1 3,4 . Heat capacity measurements below T S2 showed an exceptionally large electronic Sommerfeld coefficient of γ =15 mJ/K 2 mol Re 1, 6 . Band structure calculations for the room-temperature cubic structure revealed that the electronic density of states (DOS) at the Fermi level arises mainly from bands with Re-5d character with electron or hole pockets at various points of the Brillouin zone 7 . However, the band structure of Cd 2 Re 2 O 7 in the low-temperature structure (T < T S2 ) indicated localized Cd 4d and itinerant Re-5d electrons and a quasi two dimensional Fermi surface 8 . The results of the Re nuclear quadrupole resonance (NQR) and the Cd nuclear magnetic resonance (NMR) at low temperature, and in the superconducting state, revealed no magnetic or charge ordering 9 . Just below T c , the 187 Re spin lattice relaxation rate exhibits a pronounced coherence peak with an increase of the relaxation rate by a factor of two and subsequently, below ∼0. Our measurements provide the temperature dependence of the superconducting order parameter which differs markedly from the BCS temperature dependence of the energy gap.
For T → 0 K the order parameter approaches a value between 0.22 (1) The ac-susceptibility and the heat-capacity measurements showed a superconducting transition at 1.02 K and a width of the transition of ±30 mK (see Fig. 2 The stability of temperature measurements was less than ±3 mK below and ±7 mK above 0.7 K, respectively. A graph of raw data I vs V is shown in Fig. 3a and its derivative is shown in Fig. 3b . No data averaging was done post measurement. The accuracy in current measurements is of the order of 10 −9 A and for voltage of the order of ±2 × 10
is of the order of 0.2% of its value. The fitting program stops iteration when the total standard deviation of all points is less than 10 −8 .
Several measurements were done by injecting current in the (001), (100), (110), and (111) planes. As an example, a set of characteristic normalized conductance spectra collected by injecting the current in the (111) plane is displayed in Fig. 4 . All spectra were normalized to the value of the conductance dI/dV measured at a voltage ≃ ±2.0 mV in the normal state. An attempt to fit the normalized conductance spectra of Cd 2 Re 2 O 7 using the BlonderTinkham-Klapwijk (BTK) theory 16 did not provide satisfactory results, especially for the spectra at temperatures close to T c where finite lifetime effects can play an important role 17 .
The BTK theory is based on the Bogoliubov equations for the two-component wave function
for particles and holes, respectively, but does not take into consideration any self-energy effects, i.e. finite quasiparticle lifetimes. Previous attempts to extend the BTK theory to include lifetime effects were purely phenomenological and assumed that the time-dependence of the particle and hole amplitudes u and v in the Bogoliubov equations are of the form
, where E is the quasiparticle energy, and Γ is its scattering rate [18] [19] [20] .
The resulting theory has a form identical to the BTK theory but with the normalized superconducting quasiparticle density of states given by the so-called Dynes equation 
where ∆(E) is the complex gap function, i.e. the renormalized pairing self-energy. All damping and retardation effects are contained in ∆(E).
We have generalized the BTK theory by using the Bogoliubov equations which include the self-energy effects 25 . Their time Fourier transform has the form
where
is the 2×2 electron self-energy matrix. τ 0 is a unit matrix and τ 1 and τ 3 are Pauli matrices 23, 24 . We have assumed that the self-energy is local in space which is justified if it arises from the electron-phonon interaction. The gap function ∆(r, E) is related to the pairing self-energy φ(r, E) and the renormalization function Z(r, E) by ∆(r, E) = φ(r, E)/Z(r, E). In the weak-coupling limit Z =1, ∆ = φ and Eq. (3) reduces to the familiar Bogoliubov equation.
Subsequently, by making the same assumptions as in the derivation of the BTK theory (spatially independent µ, φ and Z, translational invariance along y-and z-directions and a δ-function potential at the normal metal (N)-superconductor (S) interface) 16 , we arrive at a theory which is identical in form with the BTK theory 16 but with the real gap ∆ replaced by the complex gap function ∆(E). Details of the derivation are published elsewhere 26 .
Specifically, the conductance of an N-S interface at a voltage V is given by
with S = 2N(0)ev F A. N(0) is the single-spin Fermi level density of states in the normal state, e is the electron charge, v F is the Fermi velocity and A the effective area of the N-S
interface. The probability current densities for the Andreev reflection A(E) and for the normal reflection B(E) are given by (in units of the Fermi velocity v F )
The parameter z in Eqs.(7-8) is a dimensionless barrier strength parameter related to the strength of the δ-function potential V (x) = Hδ(x) at the interface by z = H/( v F ).
For E not too far from the gap edge the real and the imaginary part of ∆(E) can be taken as constant 17, 22 . Thus, in applying Eqs.(5-9) to the experimental results there are three fit parameters at each temperature: the real and the imaginary part of the gap at the gap edge, and the barrier strength parameter z. Two characteristic fits to the conductance spectra (dI/dV vs T ) at different temperatures are displayed in Fig. 5a , and 5c. We found that the theoretical fit using the BTK model modified by including a complex ∆ provides a significantly improved agreement with the experimental data. The variation of z parameter as a function of temperature did not show any systematic variation with temperature (see contrast, the fits with the BTK model extended by including a phenomenological broadening parameter Γ (Fig. 5b, and 5d ) describe the experimental data less well, especially for temperatures near T c . This finding renders strong support that the described theoretical amendments are essential for a description of conductance spectra of superconductors in the strong coupling limit.
By fitting the set of temperature dependent conductance spectra, we obtained the superconducting energy gap of Cd 2 Re 2 O 7 as a function of temperature (see Fig. 7 ). We also checked for anisotropy in ∆ 0 (T ) for different crystallographical planes as shown in Fig. 8 . The results shown in Fig. 9 were obtained 30 for a model for the β-pyrochlore
where the superconductivity is assumed to result from the electron coupling to a low frequency anharmonic (rattling) mode 32 . Using a very sharp cutoff
Lorentzian model for the electron-phonon coupling function of a "rattler" Strong electron-phonon coupling may lead to structural PTs as it has been observed for KOs 2 O 6 below T c and attributed to a freezing of the rattling motion of the K atoms 29 . A detailed examination of our (see Fig. 2 ) and published heat capacity and upper critical field data of Cd 2 Re 2 O 7 reveals a change in the slope of these data at ∼0.8 K which could in fact be due to a freezing of low-energy lattice degrees of freedom 3 . We rule out Cd or combined In summary, we have measured N-S conductance spectra below the superconducting transition temperature of the α-pyrochlore superconductor Cd 2 Re 2 O 7 by soft point contact spectroscopy. We developed and employed an extension of the BTK theory by including the quasiparticle self-energy into the Bogoliubov equations, and thus we were able to fit the conductance spectra as well as derive the temperature dependence and the magnitude of the superconducting order parameter. The magnitude of the gap at T = 0 indicates that Cd 2 Re 2 O 7 is a strong-coupling superconductor. The temperature dependence of the order parameter is markedly different from that of the weak-coupling BCS gap.
